In this article, we will look at palladium impurity removal from active pharmaceutical ingredient (API) process streams using metal scavengers and the drivers for the implementation of such processes. The article will review some of the available scavengers and detail how Johnson Matthey approaches the trial work and the methods used for screening, optimisation and scale-up of the scavenger process. It will outline the steps taken to ensure smooth transfer of the metal impurity removal process from lab to plant. This will include Johnson Matthey data from batch isotherm, kinetic and fixed bed trials and the application of mathematical models for performance characterisation and scale-up, which all feed into the final system design. Performance data for a number of the Johnson Matthey range of scavengers will be referenced both in batch and cartridge systems and the benefits of using the scavengers in a cartridge system will be presented.
Introduction
The need to remove palladium (Pd) from API process streams is driven by International Conference on Harmonisation (ICH) Q3D guidelines which dictate the permissible levels of Pd allowed in the final drug product. The platinum group metals (pgms), including Pd as well as platinum, rhodium and ruthenium are generally considered as route-dependent human toxicants (ICH Classification 2b), (1) , therefore the limits for these metals are low -10 µg g -1 as an oral concentration in the drug product, drug substance or excipient. This oral concentration is conver ted into a permitted daily exposure limit for each platinum group metal of 100 µg d -1 , which is based on an assumed worst-case dosage level of 10 g d -1 . If the dosage rate is known to be lower, the permitted oral concentration may be increased. For the pgms, it may also be an option to use a component approach, whereby the overall level of the element in the excipient would be considered. As the pgms would only come from a catalyst source, the overall level of the element in the excipient could then be determined. For a chemist developing or manufacturing the API, a target of 10 µg g -1 or even lower may still be put in place to avoid process re-works (1) .
Despite the challenges of removal, the use of homogeneous Pd catalysts offers many benefits over classical, often stoichiometric reaction protocols (2) (3) (4) . It is often possible to achieve a reduction of the number of steps in a multi-step synthesis of a target compound, as well as increasing overall yields, by employing Pd catalysis. In order to achieve the benefits offered by the catalysts, there will be a subsequent need for Pd removal (4) (5) (6) (7) (8) (9) (10) . Numerous Pd removal methods are available to the chemist and the optimal method is typically selected based on cost, time, quality and ease of implementation. When considering which Pd removal method to use, the default is often to use standard methods such as distillation, crystallisation or carbon adsorption to remove the Pd (10, 11) . All are efficient methods of separation; however, the process costs, and their robustness, may be challenged during scale-up. Equally, consideration needs to be given to the time taken to run the process and any impacts that the removal method may have on product yield.
Scavengers provide an excellent solution for Pd removal issues, particularly at low metal levels (6, 8) . Johnson Matthey's screening programme ensures that the best scavenger is selected based on the reaction conditions, but also that the process is robust and that consistent removal of Pd is achieved, irrespective of process scale.
Scavenger Products
There are a range of different scavengers available on the market for product purification (5) (6) (7) (8) . A significant portion of these are based on a silica support, however others, such as those based on polymer resins and polymer fibres (5, 7) are also available. The Johnson Matthey range includes all three classes of support materials and details of the core product types are listed in Table I , with specific product details provided in Table II .
Screening Method
Below is an outline of the steps involved in achieving a robust, long-term metal removal solution. This full screening package can be completed by Johnson Matthey or at the customer site with technical support provided. The extent to which a scavenger can remove Pd to the required levels is critical. The initial trials within the screening programme look at a number of scavengers for Pd removal efficiency. Conditions can then be optimised with respect to the amount of scavenger, the temperature and whether a mix of scavengers with different functionalities should be used together. Time taken for Pd removal is considered within the batch isotherm, and kinetic and fixed bed studies are carried out to generate the performance data required to model, scale-up and design an optimised process for full-scale application.
The Screening Programme: Initial Screening
The initial screen is used as a feasibility study to determine the most suitable scavenger for Pd impurity removal from a particular sample or application. All scavengers used in the screen are commercially available and all screening is completed on representative process samples. Where solid samples are provided, these are dissolved in an appropriate solvent.
Prior to carrying out any screening, customer process data is required to ensure optimal results taking into account any constraints relating to operating conditions.
Initial screening can be carried out using a variety of equipment, with the two preferred options being: (a) roller mixer machine; or (b) flask with overhead stirrer to allow best mixing of and contact with the scavengers. A hot plate, with a magnetic stirrer or a Radleys Carousel TM , have also been used, with care being taken to ensure suitable contact with the scavenger material.
Initial Screening: Experimental
All solutions are filtered prior to screening to ensure homogeneous sampling. A sample of mother liquor is retained for analysis. Typically 1 w/v% scavenger is allowed for Pd concentrations up to 500 mg l -1 .
However, if a single element (or the total pgm concentration) has a higher concentration than this, the amount of scavenger is increased. For solutions with a pgm concentration in the region of 500-1000 ppm, for example, 3 w/v% is recommended for initial screening. During optimised screening, the amount of scavenger will be adjusted based on knowledge of the API process and the type of Pd catalyst used during it. Consideration will also be given to the presence of other reagents and metals which may be present and could compete for sites on the scavenger. Initial screening is completed at room temperature for 2 h. Approximately six to eight scavengers are included in the initial screening. All solution samples are analysed using inductively coupled plasmaoptical emission spectroscopy (ICP-OES) or atomic absorption spectroscopy (AAS) to determine the Pd concentration pre-and post-screening (12) .
In the examples shown below, an organic process solution used in an API manufacturing process with an oncology indication was the selected material for the screening programme. This was a more challenging Pd removal project, both in terms of the ease with which the Pd was removed and the low initial concentrations of the Pd in solution. The final target level was 10 µg g -1 in the API, equating to >1 mg l -1 in the solution.
Initial Screening: Results
Results from this screening can be presented in a number of ways. In this case they are shown as: (a) Table III , where the initial raw data is given and the difference in concentration between the original solution and the solution following scavenger treatment is shown. Conversion of this to the actual concentration in the API stream is given in the final column; and (b) Figure 1 , where the scavenger performance is shown from left to right in terms of optimal performance. In this example the solid API, with 98 µg g -1 Pd present as an impurity, was diluted with 15 volumes of process solvent prior to analysis. The analytical results on the solution were therefore multiplied, based on this dilution factor, and taking into consideration the density of the solvent to give: (a) the initial Pd levels present in the API; and (b) the Pd levels present after scavenger treatment. At this stage of the screening, the final Pd levels following scavenger treatment were all above the target required by the process, necessitating further optimisation. For most screening, the best three performing scavengers from the initial screening are taken through to the optimisation stage. the effects of temperature increase on the scavenging performance and possible use of a multi-scavenger system. Time taken for recovery was determined during the later kinetic trials.
Optimisation: Experimental
Based on the Pd removal rates from the first screen, the amount of scavenger used was modified accordingly. As a 0.5 w/v% addition (with respect to volume of process solution) did not yield complete metal removal, the amount of scavenger added was increased to 1 w/v% and 2 w/v% (Figure 2) . Typically the higher temperature would be: (a) 60ºC (b) 10ºC below the boiling point of the solvent, or (c) dictated by the process conditions or API stability. In this case, the agreed higher temperature was 40ºC and QuadraSil ® MP was screened at 1 w/v% and 2 w/v% to determine the effect due to temperature (Figures 3 and 4) . From these results, the optimal conditions were found to be 2 w/v% of QuadraSil ® MP for 2 h at room temperature to give 0. and, from a processing point of view, room temperature was preferable. It was also deemed unnecessary to test a mixture of scavengers as the targeted Pd removal was achieved with a single scavenger.
At this stage in the screening programme, the scavenger and the conditions under which that scavenger will be best utilised have been determined using a fixed time under batch conditions. The decision for the process chemist now is whether the process will be transferred to the pilot plant in batch or in a cartridge system. To support this decision, a batch isotherm will be run followed by a kinetic trial for cartridge systems. This data is then utilised in a first principles modelling system and the actual and theoretical data compared before the system is defined.
Batch Isotherms and Kinetic Studies
During this phase of the screening, we are looking at: (a) the theoretical maximum metal loadings which can be achieved for the target scavenging process. Data from this stage will help to determine the weight or volume of scavenger required in the larger scale process (b) the breakthrough point (where the metal is no longer being removed by the scavenger) to determine at what point the chemist or engineer stops the process (c) the kinetics of the adsorption process, considering the various mass transfer resistances which control the Pd from the liquid phase to the solid phase. This will indicate what contact time is required to ensure the metal content is reduced to the required levels. For this project, a kinetic trial in batch was considered for the three best per forming scavengers, shown as raw data in Figure 5 . Due to the more challenging nature of the solution, kinetics were slower than is often seen, with target recovery in 4 h. This was within process requirements. Note that kinetics for Pd removal are typically fast with up to 99% recovery often being seen within 10 min. Factors that can affect the metal uptake are: (a) nature of the Pd catalyst (in terms of accessibility of the Pd species) (b) presence of other reagents that can compete with the metal uptake, and (c) reactions within the API itself. A batch isotherm trial was carried out to determine the maximum loading capacity of the material as well as investigating how changing initial concentrations of the feed solution may affect this capacity (Figure 6) .
Prior to designing a full-scale cartridge system, a column trial is carried out in which feed solution is flowed through a fixed bed of the ion exchange material and the outlet concentration from the column is measured over time. An outlet concentration of 0 mg l -1 indicates that all of the Pd has been recovered from the feed solution. An outlet concentration above 0 mg l -1 indicates that the material has almost reached its maximum loading capacity and that the feed flow should be stopped.
The time before the outlet concentration rises above 0 mg l -1 can be increased by increasing the column size (Figure 7) .
First Principles Modelling
The results obtained from laboratory isotherm and column trials are used to estimate several equilibrium and kinetic parameters which describe the adsorption 
Experimental results (10) of Pd from solution. The parameters are part of the models described in Equations (i) and (ii) (13, 14) and by fitting these models to the experimental data the values of these parameters are estimated.
q t KC e q e = (i) 1 + KC e Equation (i) is fitted to the results shown in Figure 6 to determine K and q t , the material equilibrium constant and maximum capacity respectively. The results of this fitting are shown in Figure 8 . An R 2 value of 0.99 was obtained indicating the fitting is very good.
of the process design to ensure full Pd recovery, as further discussed in the next section.
Scale-Up
The ultimate aim of scale-up is to take the understanding obtained from the small-scale scavenger performance and propose a system that can achieve 100% scavenger utilisation at the end of the system life, i.e. the entire scavenger mass should be loaded to its maximum capacity at the point of scavenger change out. In reality this is an impossible task as, for example, in a column system axial diffusion, radial velocity gradients, near-wall effects and slow kinetics inevitably lead to broadening of the mass transfer zone and non-ideal behaviour (15, 16) . However, a robust engineered solution should aim to get as close to full utilisation of the scavenger as is possible for a given set of conditions as this helps to minimise the installed scavenger volume and, ultimately, the process cost. For a batch system, the challenge is even greater, which drives Johnson Matthey to recommend a cartridge system wherever possible. Scavenger systems using cartridges also offer the added benefit of containment when a potent API is being manufactured.
Optimisation can be achieved by manipulating variables such as the liquid linear velocity, the column diameter and the aspect ratio of the scavenger bed (17) , while being mindful of customer requirements that could place limits on the proposed design. Such requirements might include the need for the system to be either a once-through or a recycle system; the processing time requirements; the need for a reusable or disposable system depending on the potency of the API; and the operability of the system. At this point the scavenger system will be well-defined, leaving only the mechanical design and the selection of the final conditions and materials of construction to satisfy the needs of the process, the relevant regulations and ultimately the characterisation of a safe and robust system.
At this final stage, all of the data from the screening programme is collated and used in the design of the final system used during piloting. Examples of a scalable system, the sealed flow cartridge system, are shown in Figure 10 .
Conclusion
The use of a screening programme has been demonstrated and the steps required outlined in this article along with the results obtained, in order to design a robust plant-scale recovery process. Whether the process will be run in batch or a cartridge system, the method is essential in ensuring that optimal use of the scavenger is achieved while attaining Pd removal targets. For challenging processes, such as the one highlighted here where the nature of the process solution is complex and the initial metal levels are low (in the diluted form), the screening process becomes even more valuable.
Johnson Matthey provides screening and scale-up services to the pharmaceutical industry and has become expert through its application of knowledge in this area. To date, numerous plant-scale scavenging projects are running globally. 
